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.. In the course of our earlier work we observed considerable d,ependence of surface properties on various ambient treatments .. (iZ) We measured surface-charge density and conductivity of the inversion layer formed under the thermally g:vown oxide on high-resistivity p-silicon. We reported -8 -1 -1 ' ' that the conductivity varied from ~ 7 X 10 ohm . -em . for. nitrogen treatment to -5 -1 -1 .. ~ Z X 10 ohm -em . for hydrogen treatment. This dependence of conductivity on ambients can of course be utilized to achieve control of surface properties desirable for a particular device application.
The present work was undertaken to provide an insight into the rnechanism of the conductivity effects produced by the various arnbient and heat treatmentso We have measured the conductivity of the inversion layer as a function of temperature, and from this data estimated the activation energies of the impurity levels introduced by these treatments. Knowledge of the surface-charge density enables· us to d!'aw the energy··level diagram of the oxide-semiconductor system. In some cases the occurrence o£ the energy levels almost in the middle of the band gap suggests the possibility ~£these levels aGting as recoinbination centers and noise generators. (1. 3 } . In the following sections, these results are ·discussed in detail and a possible mechanism for the various observed effects is suggested.
PREPARATION O'F DEVICES AND MEASUREMENTS
The method of device preparation has been described in detail in cleaned, dried and aluminum evaporated on the front junctions.· The finished device is shown in Fig. 1 .
The devices are then mounted on a copper platform constructed in T , where u is a small number. The mobility will not rise as steeply as in the case of the bulk semiconductor.
The interface being an amorpho~s boundary, scattering by flaws will be the primary mechanism for this dependence. In addition to this, the mobility will vary with temperature, the mobility will also be affected by them. On the • whole the effect of these various processes will be to increase a {T) as
the temperature is reduced. But in a temperature range corresponding to an energy within a few kT' s of the activation energy, the exponential term will dominate the temperature dependence of a(T). We can therefore make an approximation and estimate the activation energy from the slope ·of the log a vs i/T plot. The interpretation of the data for two energy levels close to each other is difficult, and in such a case we give the activation energy of the level that seems to primarily determine the properties of the inversion layer.
EXPERIMENTAL RESULTS

I
The results obtained with the various treatments are described below and summarized in Table I . In most of the cases we have followed standard annealing cycle. After the 60-sec. predeposit period the diffusion . is carxied out at 900°C in the respective ambients for 30 min. In the case of hydrogen treatments after the predeposit, we always introduced nitrogen .,
For devices treated in nitrogen, the conductivity falls steeply as the temperature is lowered. The activation energy obtained from the log a-vs 1/T plot ( Fig. 2) for devices pulled out at 600 o N {900/ 600) is 0. 39± 0. 01 eV. ·
We found the activation energy to be lower (=0.36 eV) if the devices are pulled out at a t·emperature~ 500°C N (900/500}. Cooling the devices to room tern:.
perature did not make any difference in this value.
To check the possibility of the earlier higher temperature (steam oxidation at 1.000°C) having any effect on the device behavior, we carried . out the phosphorus diffusion at 10 50 o C. The device was cooled to 600 o C N (1050/600) . . The activation energy was 0_.39 eV. ·In another batch of experiments we took a number of devices having a different previous history, ineluding multiple heat treatments, and car.ried out the 900 to 600 • C annealing cycle. The activation energy was again 0.39 eV, N (assorted 900/600) but
in this case the results were not always reproducible. In the case of the inversion layer formed on low-resistivity (50 ohm-em) p-silicon, we observed a very small decrease in the conductivity as the temperature was lowered ev€m to liquid nitrogen temperature. Removal of aluminum from .
the front junction did not make any difference in the values measured above.
Oxygen treatment
For devices treated in oxygen and cooled to 600°C 0 (900/600) the activation energy is 0.30 ::!: 0.01 eV (Fig. 3) , and when they are cooled to ~ · 500°C 0 {900/500) it is 0.26 eV. Again, the previous history did not matter. In th~ case of oxygen we suspect two activation energies but from the conductivity measurements it is not possible to establish either their existence or their exact values. Hydrogen treatment also reduced the diode reverse current.
CALCULATIONS OF SURFACE PARAMETERS
In this section we calculate the various parameters that occur in the description of the electrical properties of the inversion layer. In Table II the data on the surface c:ha.1~ge dens1ty, the effective carrier mobility, and . . .
. that could be significant in the case of hig;h-resistivity silicon.. In this context we should also remember some of the well-known effects of heat treatmen.ts in the bulk semiconductor. We would like to elaborate on this point. • ,,. 
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